Objective: The aim of this study was to determine potential predictors of the need for major medical interventions in the context of assessing severity in pediatric pneumonia.
R espiratory tract infections including community-acquired pneumonia (CAP) are a common reason for seeking medical attention and hospitalization in childhood. 1, 2 One of the most important decisions in the management of acute lower respiratory tract infection (ALRI) in childhood is whether to treat the child ambulatory or admit for hospital-based care. An initial assessment of severity is important to correctly determine the adequate site of care. 3 Literature documenting predictors of severity and hospitalization in pediatric pneumonia is up until now sparse, especially for resource-rich areas, and a validated scoring system to identify children in need of hospitalization has been solicited by current guidelines. 4 As a reply to this, a large prospective US multicenter study recently published one of the first prognostic models for predicting severity in pediatric pneumonia, as defined by clinical outcome. 5 In line with this, an assessment of the likelihood of major medical interventions may be the most feasible method for determining the need for hospitalization. Such an initial assessment will influence microbiological investigations performed, treatment given including antibiotics, and length of treatment. A recent review on the management of severe CAP highlights the differences in severity assessment in resourcepoor versus resource-rich areas in the world. 6 Systematic reviews have focused on predictors in serious infection in general. 7, 8 Up until the previously mentioned prospective US study, most observational studies the last decades focused on the diagnosis of pneumonia, [9] [10] [11] [12] and the few assessing predictors of severity either consider respiratory infections in general, 13 other respiratory infections than pneumonia, 14 or only radiographic changes. 15, 16 We have recently published results demonstrating an increasing proportion of viral and subsequent decrease in bacterial pneumonia in our cohort, 17 in line with other pneumonia etiology studies after implementation of routine infantile pneumococcal immunization. 18, 19 This change in etiology may influence clinical presentation and the distribution of potential predictors of the need for major medical interventions in pediatric CAP. In this study, we consider factors readily available in pediatric emergency departments in resource-rich settings: symptoms, clinical signs, chest radiography, and inflammatory markers.
The primary objective was to prospectively study potential predictors of the need for major medical interventions of suspected and radiologically proven pneumonia, in previously healthy children and adolescents in a population with high pneumococcal conjugate vaccine coverage. Secondarily, we assessed etiology in relation to this need.
MATERIALS AND METHODS

Study Design, Population, and Ethics
This prospective, observational cohort study was conducted at the Department of Pediatric and Adolescent Medicine, Akershus University Hospital, Norway, from January 1, 2012, until January 1, 2014. All previously healthy patients younger than 18 years presenting to the pediatric emergency department with signs of ALRI (fever or history of fever and 1 or more signs of ALRI: tachypnea, chest retractions, cough) and where radiography was taken because of suspected pneumonia were considered for inclusion. Both ambulatory-treated patients and those in need of hospitalization were eligible for inclusion. Chest radiography and diagnostic tests were taken at inclusion, and medical history and clinical findings were recorded on a standardized chart. All treatment was given at the clinician's discretion according to hospital guidelines and was retrieved from the hospital's electronic patient journal system. Patients with current infection acquired abroad or in hospital and children with a chronic disease that predisposes to respiratory tract infection were excluded (severe motor impairment, innate or iatrogenic immunodeficiency, cystic fibrosis, or other chronic disease that predisposes to pneumonia). Presentation with wheeze or a history of asthma was not a criterion for exclusion. Guardians or patients older than 16 years signed a written informed consent. The Regional Ethics Committee and the local Data Protection Officer approved the study.
Clinical Features
Clinical features that could potentially predict the need for a major medical intervention chosen in the present study were in line with clinical symptoms and signs included in the severity assessment of the British Thoracic Society's Guidelines on management of pneumonia, 3 which also overlaps with the severity assessment of the World Health Organization. 20 Data on predictors were collected by the nurse and/or the attending physician in the pediatric emergency room at first assessment: (1) hypoxemia (categorical) defined as peripheral oxygen saturation (Spo 2 ) of 92% or less measured by pulse oximetry (Dash 5000 patient monitor; GE Healthcare AQ2 ); (2) chest retraction score (continuous) from the Respiratory Distress Assessment Instrument with assessment of supraclavicular, intercostal, and subcostal retractions (1 point for mild, 2 for moderate, and 3 points for marked retractions, maximum 9 points) 21 ; (3) age-specific tachypnea (categorical) counted for 1 full minute: younger than 1 month, more than 70 breaths/min; younger than 1 year, more than 50 breaths/min; younger than 3 years, more than 40 breaths/min; older than 3 years, more than 30 breaths/min. 22 ; (4) modified Pediatric Early Warning Score (PEWS, continuous) as previously described 23 
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, Germany] or Genius2 tympanic thermometer [Covidien, Mass]) or a recent history of fever (to reduce the impact of previous antipyretic treatment); and (6) age in years. Assessment of clinical features was performed before receiving major medical interventions except where this was clinically not feasible (eg, circulatory-compromised children in need of fluid resuscitation, children treated by paramedics under transport).
Laboratory Tests and Classification of Cases
Radiologically proven pneumonia was defined as cases in which 2 pediatric radiologists independently and blinded for clinical data found localized or interstitial infiltrates consistent with pneumonia. 17 Perihilar changes alone were not considered as pneumonia. 24 Localized infiltrates found in 2 or more separate locations (either unilaterally or bilaterally) were categorized as multifocal, and complications (parapneumonic effusion, necrotizing pneumonia) were noted.
As previously published, an extensive microbiological diagnostic workup was performed. 17 In brief, the microbiological workup consisted of (1) bacterial culture from blood (obtained in 83% of suspected CAP cases) and from pleural fluid (obtained in all 7 patients where pleural tapping was clinically indicated); (2) paired sera (obtained in 77% of suspected CAP cases) examined for serological evidence of recent infection with respiratory syncytial virus A/B, influenza virus A/B, parainfluenza virus 1-3, adenovirus (all complement fixation tests), Mycoplasma pneumoniae, Chlamydophila pneumoniae, and Streptococcus pneumoniae (enzyme-linked immunosorbent assay for immunoglobulin G against pneumolysin and the novel flow cytometric analysis of binding of serum antibodies to live pneumococci); and (3) molecular diagnostic tests (polymerase chain reaction) of nasopharyngeal specimens (obtained in 97% of suspected CAP cases) tested for respiratory syncytial virus A/B, parainfluenza virus 1-4, influenza virus A/B, human metapneumovirus, rhinovirus/enterovirus, human bocavirus, adenovirus, M. pneumoniae, and C. pneumoniae (interpretation of viral polymerase chain reaction findings were obtained with a strict cycle threshold cutoff of 35 to diminish false-positive results). According to these tests, cases were categorized into (1) viral infection without evidence of bacterial coinfection, (2) atypical bacterial infection (M. pneumoniae and/or C. pneumoniae) with or without viral coinfection, or (3) other bacterial infection (predominantly S. pneumoniae) with or without viral coinfection.
Blood for C-reactive protein (CRP) (in mg/L) and white blood cell (WBC) count (Â10 9 /L), including differential count, were taken on enrolment.
Definition of Outcome
Major medical interventions included in this study were as follows: (1) supplemental oxygen requirement, which according to hospital guidelines is given if Spo 2 is 92% or less for more than 2 hours or Spo 2 is 88% or less at any time; (2) supplemental fluid requirement, intravenously or through nasogastric tube; (3) need for respiratory support (continuous positive airway pressure or respirator); (4) transfer to an intensive care unit (respiratory failure, impaired circulation, etc); and (5) treatment for complicated pneumonia (parapneumonic effusion requiring chest drain, necrotizing pneumonia, and others).
Statistical Analysis
Statistical analyses were calculated using IBM SPSS Statistics version 22
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. Significance levels were 2-sided and set at P < 0.05. Continuous data were skewed and therefore presented as median with interquartile range (IQR) and analyzed with Mann-Whitney U test/Kruskal-Wallis test. Categorical data were analyzed with χ 2 test. Cases with missing data were excluded from the analyses. Receiver operating characteristic curves were used to examine the discriminatory performance of the continuous variables CRP and WBC count in the dichotomous outcome needing 1 or more major medical interventions versus not needing such interventions. Logistic regression was performed to assess the ability of the 6 potential clinical predictors described previously to predict the outcome needing 1 or more major medical interventions versus not needing such interventions. A simultaneous entry approach was used prior to a stepwise approach. Interaction was assessed between age and all other variables and reported if found.
RESULTS
Cases
We included 394 cases of ALRI with chest radiography taken because of suspected CAP, of which 265 cases (67.3%) had radiologically confirmed CAP ( F1 Fig. 1 ). Of the 129 cases (32.7%) of suspected pneumonia without radiographic evidence of pneumonia, 82 cases (63.6%) were deemed to have a normal chest radiograph, 42 (32.6%) only perihilar involvement, and 5 cases (3.9%) had other findings. Fifty-nine (45.7%) of those without radiographic evidence of pneumonia had a discharge diagnosis of pneumonia (not counted as pneumonia cases), whereas the rest received a diagnosis of bronchiolitis (21 [ 
Clinical Features and the Need for Major Medical Interventions
In the univariate analyses (Tables 1 and 2 ), all 6 potential clinical severity predictors except high temperature were significantly associated with the need for major medical interventions. The multivariate logistic regression model for the outcome needing 1 or more major medical interventions compared with not needing such a treatment was significant (P < 0.0001) in both suspected and proven pneumonia, with a C-statistic of 0.76 (95% confidence interval [CI], 0.70-0.81) for suspected pneumonia and 0.79 (95% CI, 0.73-0.83) for radiologically proven pneumonia. The presence of hypoxemia, chest retraction score, and PEWS provided unique statistically significant contributions to the model when analyzing all 394 suspected cases, whereas for the 265 proven CAP cases, this was the case for the presence of hypoxemia and the chest retraction score ( T3 Table 3 ). A significant interaction was found in both groups between age and chest retraction score, and in age-stratified analyses (<2, 2-5, and >5 years), the significant predictive ability of the chest retraction score remained in the 2 youngest-age groups.
Logistic regression analyses were repeated after excluding supplemental fluid requirement from the major medical interventions. Statistical models remained significant (P < 0.0001) for both suspected and proven CAP, and whereas PEWS lost unique significance, the presence of hypoxemia and the chest retraction score provided even higher odds ratios (ORs) ( Table 4 presents sensitivity, specificity, and likelihood ratios of the clinical variables with unique significant predictive ability in the multivariate analyses, alone and in combination.
Inflammatory Markers and the Need for Major Medical Interventions
In univariate analyses, higher CRP values were associated with the need for 1 or more major medical interventions in suspected but not in proven CAP. White blood cell count was not associated with this need (Tables 1 and 2) . Receiver operating characteristic curves for the ability of CRP values and Pediatric Emergency Care • Volume 00, Number 00, Month 2017
Assessing Severity in Pediatric Pneumonia WBC count to discriminate the need for major medical interventions from no need provided poor areas under the curve (<0.60) in both the suspected and proven cases. Given the results of the receiver operating characteristic curves, no attempt to provide test characteristics for either of the inflammatory markers was done.
Radiological Findings and the Need for Major Medical Interventions
The presence of a localized consolidation was significantly associated with the need for major medical intervention in the 394 cases of suspected pneumonia (Table 1 ). Furthermore, multifocal changes were significantly associated with this need in both the 394 suspected cases and the 265 proven CAP cases (Tables 1 and 2 ). Test characteristics for these radiological findings alone and in combination with clinical findings are presented in Table 4 . Fifteen cases (5.7%) of parapneumonic effusion were found, but only 7 (2.6%) of these were found to require chest drainage. No other complications were found.
Etiology and the Need for Major Medical Interventions
A pathogen was detected in 223 (84.2%) of the 265 CAP cases, with only viral infections in 168 (63.4%), atypical bacteria in 21 (7.9%) (predominantly Mycoplasma, 5% only atypical bacterial and 3% mixed with virus), and other bacteria in 34 (12.8%) (predominantly Pneumococcus, 4% only bacterial and 9% mixed with virus). 17 As seen in T5 Table 5 , atypical etiology was significantly associated with not needing a major medical intervention in both suspected and proven pneumonia, but when stratified by age (<2, 2-5, and >5 years), no significant association between viral, atypical, or bacterial etiology and needing a major medical intervention was found.
DISCUSSION
We studied potential predictors, readily available at first assessment, of the need for 1 or more major medical interventions in cases of suspected and proven pneumonia. Risk factor assessment for major medical interventions may be a practical approach when assessing severity and the need for hospitalization. In 394 cases of suspected CAP and then in the 265 radiography-proven cases, the presence of hypoxemia and the degree of chest retractions were the 2 clinical features consistently predicting the need for major medical interventions in both univariate and multivariate analyses. Because receiving supplemental oxygen was the second most common major medical intervention, the predictive ability of hypoxemia at inclusion was expected. Also, the predictive ability of the chest retraction score was expected, but that other factors and perhaps especially tachypnea failed to predict severity was a more surprising finding. With high specificity and positive likelihood ratios, these 2 clinical features are good at ruling in the need for major medical interventions. On the other hand, as sensitivity and negative likelihood ratios are poor, these clinical findings cannot be used to rule out the need for major medical interventions. We found 60% of CAP cases to need 1 or more major medical interventions, similar to the proportion of severe CAP cases in a UK multicenter study with a severity definition comprising the major medical interventions examined in our study. 25 The recent US multicenter study assessing predictors for severity in pediatric pneumonia also found hypoxemia as one of the strongest clinical predictors of severity in pneumonia. 5 Also, previously hypoxemia has been consistently found as a predictor for serious infection in general 7, 26 and considered a key feature in severity assessment in CAP. 3, 6, 27, 28 Furthermore, hypoxemia and respiratory distress have been found by others as (i) important predictors in a study on serious respiratory infections, 13 (ii) associated with supplemental oxygen and fluids in a study on CAP, 25 and (iii) important predictors of the need for a major medical intervention in a study on bronchiolitis. 14 More unexpectedly, agerelated tachypnea failed to provide unique significant contribution in predicting the need for major medical interventions in our multivariate analyses, as tachypnea has been found to predict serious infection in general 7, 26 and severity in CAP. 25 On the other hand and more in line with our findings, in the recent US study, tachypnea's statistical significance in predicting severity seemed relatively weak, with ORs close to 1 and nonsignificant individual contribution to several of the prognostic models. 5 Our findings of tachypnea not predicting severity may be related to the new epidemiological situation after pneumococcal vaccination, the low specificity of this clinical variable, and perhaps also our chosen age-related cutoffs, but cannot be fully explained, as this study was not designed to explore this. Young age is associated with severity in CAP, 1, 5, 27 and although significantly associated with the need for major medical interventions in univariate analyses, young age failed to significantly predict this need in our multivariate model, perhaps because of a high proportion of the youngest children in the cohort. The modified PEWS can be used to predict deterioration, 23, 29 but in our study was found to predict the need for major medical interventions in multivariate analyses only in suspected and not proven CAP cases. One reason for this may be that a cutoff of 3 points for PEWS may be too low to detect deterioration in children with radiologically proven pneumonia, because PEWS assesses circulatory variables and the neurological condition of the child in addition to respiratory findings. Although including PEWS of 3 or greater improved sensitivity, the specificity was reduced ( Table 4 ). The inflammatory markers CRP and WBC count did not predict the need for major medical interventions, but radiological findings were associated with the need for major medical interventions. Multifocal radiological change is proposed as a criterion for severity by one of the major guidelines for CAP, 4 and both our findings and those of the recent US pneumonia severity study support this. 5 In age-stratified analyses, no association between viral, atypical, or bacterial etiology and the need for a major medical intervention was found, and antibiotic prescription was just as common regardless of the need for a major medical intervention. This is in contrast to the aforementioned US study, but although bacterial etiology was associated with severity in that study, adding etiology data had negligible impact on their prognostic models. 5 We see our 2-step approach of analyzing the predictive ability of both clinical features, radiological findings and inflammatory markers, first in cases clinically suspected to have pneumonia then second in those with proven pneumonia, as a major strength of the study. This will mimic the diagnostic process in the emergency room and make our results easily transferable to everyday clinical practice. Given the substantial overlap of clinical features in ALRIs and the problems in defining pneumonia, 30, 31 cases of bronchiolitis may have been included as suspected cases of pneumonia (although chest radiography is not routine in bronchiolitis in our department). On the other hand, we believe our definition makes it less likely that we missed cases of radiological pneumonia. Patients not admitted were not reassessed routinely but were encouraged to come back if worsening. Although clinicians on call were urged to collect new clinical variables in patients initially treated ambulatory who were admitted upon recontact, we cannot fully exclude that we missed some ambulatory-treated children in need of a major medical intervention at a later stage. Hypoxemia at inclusion as a predictor variable will naturally overlap the outcome of oxygen requirements during admission, but is not the same. In many cases, low Spo 2 at admission will be resolved by simpler measures such as inhaled medications. Although not all potential clinical severity predictors are included, we believe our constellation of selected predictors (including specific features and more general measures such as the modified PEWS) cover most important aspects of assessing severity in pediatric pneumonia. One aspect that may not be covered and constitutes a weakness in this study is that no measures for intermittent apnea are included. Clinical features were measured in a routine clinical setting by the attending nurse or doctor and could have introduced data collection error, although all staff is trained in these routine measurements. Furthermore, interrater reliability for the clinical variables was not measured, and this limitation must be considered before using our results in clinical practice. For PEWS and the chest retraction score, interrater reliability has been measured by others with acceptable results. 21, 32 The attending clinician determined treatment, and this constitutes a potential source of bias. Administering supplementary fluids is an intervention often based on subjective considerations. Hence, a subsidiary analysis excluding supplemental fluid from the major medical interventions was done, and this analysis provided better ORs for hypoxemia and respiratory distress in the multivariate model, whereas PEWS lost its significant contribution. For most variables, there were minimal missing data. However, for PEWS, only 82% of data were complete, which may influence its predictive power. With relatively few atypical and bacterial cases, conclusions on the association between etiology and the need for 1 or more major medical interventions must be interpreted cautiously. Furthermore, and as discussed in our previous publication, 17 there are several obstacles in the microbiological diagnosis of pneumonia, introducing some uncertainty in our etiological classification that may influence our results. On the other hand, the validity of our etiological results is corroborated by similar results in a recent, large US multicenter CAP study. 18 Given the observational and 1-center setting of the present study, representativeness must be kept in mind when extrapolating our results to other populations.
In conclusion, we provide evidence that in the postpneumococcal vaccination era the prediction of more severe pneumonia requiring 1 or more major medical interventions and hence hospitalization primarily depends on the presence or absence of hypoxemia and an assessment of distressed breathing. Our findings support a good rule in ability for more severe pneumonia for these 2 clinical predictors, but given the poor sensitivity and negative likelihood ratio, they cannot be used to rule out more severe pneumonia. Chest radiography findings can give additional information when assessing severity and the need for hospitalization, whereas testing of CRP or WBC count does not. Etiology does not seem to be associated with the need for major medical interventions. Our findings may help to improve management guidelines in pediatric CAP. Further research should aim at defining sensitive predictors and a validated scoring system for severity in pediatric pneumonia.
